Despite contemporary surgery, image-guided radiotherapy, and chemotherapy, glioblastoma multiforme (GBM) persists or relapses in nearly all patients, and tumors almost always recur locally. Management of recurrent GBM is variable, but approaches include best supportive care, reoperation, reirradiation, and/or systemic therapy. Promising novel therapies include antiangiogenic agents and stereotactic radiosurgery, which have cytotoxic effects on tumor microvasculature. Emerging data suggest the safety and efficacy of bevacizumab and radiosurgery either alone or in combination. This report presents the case of a man with locally recurrent GBM treated with stereotactic radiosurgery and concurrent bevacizumab, and reviews the preclinical and clinical data supporting this approach. (JNCCN 2012;10:695-699) repetitive right arm and leg movements suggestive of a seizure. Head CT showed a ring-enhancing lesion in the left frontal lobe. Brain MRI showed a 2.6 × 1.8-cm, peripherally enhancing, centrally necrotic mass in the left posterior frontal lobe with surrounding vasogenic edema ( Figure 1 ). Body CT showed no other tumors. Neurosurgery performed gross total resection via craniotomy, and pathologic examination revealed glioblastoma multiforme (GBM; WHO grade IV). Polymerase chain reaction assay detected methylation of the O(6)-methylguanine-DNA methyltransferase (MGMT) gene. A 24-hour postoperative MRI showed no residual tumor, and his neurologic symptoms resolved.
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The patient enrolled in an institutional clinical trial investigating a novel adjuvant regimen: radiotherapy with concurrent temozolomide and bevacizumab, followed by temozolomide, bevacizumab, and irinotecan (CPT-11). Four weeks after surgery, he began radiotherapy (volumetric modulated arc therapy), receiving 50. 4 Gy to the left frontoparietal region with a 9-Gy boost to the tumor bed over 6.5 weeks. During radiotherapy, he received metronomic temozolomide (75 mg/m 2 /d) and 3 doses of bevacizumab (10 mg/kg every 2 weeks). After radiotherapy, he continued temozolomide along with CPT-11 (124 mg/m 2 ) and bevacizumab (10 mg/kg) every 2 weeks. During the second cycle of CPT-11 and bevacizumab, he developed deep venous thrombosis in his right leg. He began anticoagulation with enoxaparin, and CPT-11 and temozolomide were dose-reduced.
The patient completed 8 cycles of adjuvant chemotherapy over 6 months. Brain MRI 3 months after completion of radiotherapy showed no disease. Temozolomide caused significant nausea and fatigue, however, so he discontinued temozolomide and CPT-11 after 8 cycles, withdrawing himself from the clinical trial. He continued single-agent bevacizumab off-protocol 
Case Report
A 58-year-old man with hypertension presented to his primary care provider with right leg weakness. On physical examination, he had diminished right hip flexion and dorsiflexion. Spine MRI showed degenerative disc disease, and his physician prescribed prednisone for presumed lumbar radiculopathy. His symptoms resolved, but recurred on tapering the prednisone. A week later, he presented to the emergency department with (15 mg/kg every 4 weeks) for 10 months. Remaining clinically stable and without evidence of disease on brain MRI or PET, he then also discontinued bevacizumab.
Eight months after stopping systemic therapy, brain MRI showed a 0.4-cm area of faint enhancement at the superior aspect of the resection cavity. PET showed no abnormal FDG avidity and the patient had no new symptoms, and therefore observation was continued. Three months later, MRI showed growth of the enhancing lesion to 1.4 × 0.7 × 0.4 cm and development of surrounding edema (Figure 2A ). MRI-guided stereotactic biopsy revealed recurrent GBM.
To treat the locally recurrent nodule, the patient received stereotactic radiosurgery with concurrent bevacizumab (10 mg/kg just before radiosurgery). He received 18 Gy in a single fraction via 5 dynamic conformal arcs using a high-definition multileaf collimator on the linear accelerator-based Novalis Tx radiosurgery system (BrainLAB AG, Munich, Germany and Varian Medical Systems, Palo Alto, CA). Gross tumor volume (GTV) was defined as the enhancing volume on MRI, and planning target volume (PTV) created by uniformly expanding GTV by 1 mm. Of the PTV, 99.9% received prescription dose, with a conformity index of 2.0 and a 21-Gy maximum dose to the PTV ( Figure 2B ). Other than 2 minor headaches relieved with acetaminophen, the patient experienced no adverse effects. Two weeks later, he began adjuvant temozolomide (200 mg/m 2 , days 1-5 every 28 days) and bevacizumab (10 mg/kg, every 14 days).
Two months later, brain MRI showed decreased size of the enhancing nodule to 0.9 × 0.5 × 0.6 cm ( Figure 2C ). MRI 4 months after radiosurgery showed no progression.
The patient remains clinically stable 4 months postradiosurgery, 3 years and 1 month since initial diagnosis.
Discussion
Primary treatment of GBM in patients with good performance status involves maximally safe resection followed by fractionated external beam radiotherapy with concurrent and adjuvant temozolomide.
1 Unfortunately, disease persists or recurs in nearly all. Despite contemporary surgery, image-guided radiotherapy, and concurrent/adjuvant chemotherapy, the overall survival rate at 5 years is only 10% and the progression-free survival rate is less than 5%. In the EORTC-NCIC trial, which showed the efficacy of adding temozolomide to radiotherapy and established the current standard of care, methylation of the MGMT promoter was the strongest predictor of outcome, improving median survival from 15 to 23 months. But even among patients with methylated MGMT, the survival rate at 5 years was only 14%. 2 Efforts to improve primary treatment outcomes with radiation dose escalation beyond 60 Gy have failed, even with radiosurgical boost doses of up to 24 Gy. 3 GBM tends to recur locally, with 90% of relapses occurring within 2 cm of the original tumor. 4 As reflected in the NCCN Clinical Practice Guidelines in Oncology for Central Nervous System Cancers, therapies are variable and depend on the extent of recurrence and the patient's performance status (to view the most recent version of these guidelines, visit NCCN.org). 1 Reoperation may benefit certain patients with locally recurrent disease, 5 but poor performance status, large tumor volume, and involvement of specific critical brain areas are associated with unfavorable surgical outcomes. 6 Patients with a reasonable performance status often receive systemic therapies, such as temozolomide, nitrosoureas, procarbazine/lomustine/vincristine, cyclophosphamide, platinum-based regimens, irinotecan, or etoposide. 1 Salvage therapies for recurrent GBM have historically achieved radiographic response rates of 5% to 10%, and 6-month progression-free survival rates of 10% to 15%, conferring a median overall survival of approximately 25 weeks. 2, 7 Poor prognosis with conventional treatments has compelled the development of novel therapies. Antiangiogenesis has been an active area of investigation, because GBM is among the most angiogenic of malignancies. High-grade gliomas overexpress vascular endothelial growth factor (VEGF), resulting in a dense network of leaky and unstable vessels engendering tumor hypoxia and increased interstitial pressure, which contribute to radio-and chemoresistance. 8 In animal models of high-grade glioma, antiangiogenic agents reduce vascular density, increase perivascular tumor cell apoptosis, inhibit tumor growth, and extend survival. 9 The first clinically available angiogenesis inhibitor in the United States was bevacizumab, a humanized monoclonal antibody targeting VEGF. Two single-arm, prospective phase II trials investigating bevacizumab and CPT-11 in recurrent glioma patients showed 6-month progression-free survival rates of 38% to 46% and median overall survival of 40 to 42 weeks. 10, 11 Two additional phase II studies confirmed the efficacy of bevacizumab and formed the basis for accelerated approval of single-agent bevacizumab for recurrent GBM by the FDA in 2009. The first, a single-arm evaluation of bevacizumab monotherapy in 48 heavily pretreated recurrent GBM patients, showed radiographic response in 35%, a 6-month progression free survival rate of 29%, and median overall survival of 31 weeks. 12 The second trial, which randomized 167 patients with recurrent GBM to single-agent bevacizumab versus bevacizumab plus CPT-11, showed radiographic response in one-third, respective 6-month progression-free survival rates of 43% and 50%, and respective median survivals of 37 and 35 weeks, all superior to historical controls. 13 Adding CPT-11 to bevacizumab did not improve outcomes and was associated with more frequent adverse effects. Bevacizumab itself was associated with thromboembolic events, hypertension, and a low risk of intracranial hemorrhage (< 3%).
Another novel therapy is stereotactic radiosurgery, which delivers a high dose of radiation to the tumor in a single fraction (or up to 5 fractions for larger tumors). Conformity of dose to tumor is essential; normal tissue toxicity would be otherwise prohibitive. Radiosurgery plans typically use mul- 
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tiple narrow photon beams delivered in noncoplanar arcs, which concentrate the dose to the tumor with a rapid lowering of dose just beyond the target. Radiosurgery requires highly accurate beam delivery, so patients' heads are immobilized by a metal ring screwed into the skull or by a tight, customized, thermoplastic mask. These devices are "stereotactic," in that they allow precise 3-dimensional mapping during initial imaging, target localization, and patient setup, conferring submillimeter treatment accuracy. Radiosurgery is a promising approach for recurrent high-grade gliomas because recurrences almost always occur in previously irradiated areas. Reirradiating brain with large-field, full-dose, conventional radiotherapy carries a high risk of cognitive/neurologic deficits or radionecrosis, which can be debilitating. Through sparing adjacent normal brain, radiosurgery can deliver a high dose in a short time. Unlike surgical resection, stereotactic radiosurgery need not delay systemic therapy.
Several institutions have published promising results with stereotactic radiosurgery or hypofractionated radiotherapy for recurrent high-grade gliomas. Retrospective series involving a total of 145 patients from Brigham and Women's Hospital, University of Heidelberg, and University of Minnesota each reported a median survival of 10 months from salvage radiosurgery.
14-16 A retrospective study from Thomas Jefferson University of 147 patients treated with hypofractionated stereotactic radiotherapy (median dose, 35 Gy in 3.5-Gy fractions) reported a median survival of 11 months from time of salvage. 17 A prospective cohort study from Korea involving 114 consecutive patients with recurrent grade III to IV gliomas also showed favorable outcomes with radiosurgery. Among the 65 patients with GBM, median survival was 13 months from radiosurgery and 23 months from diagnosis, compared with 12 months from diagnosis among historical controls (P < .0001). Of the patients who underwent radiosurgery, 24% developed radiation necrosis on follow-up MRI, but only 2 of the 22 cases were confirmed histologically. 18 Emerging evidence suggests that pairing radiosurgery with bevacizumab improves outcomes compared with either therapy alone. The rationale for combining these modalities derives from unique interactions between radiotherapy and vasculature. Radiation induces angiogenesis through increasing hypoxia-inducible factor-1, effectively protecting tumor blood supply. 19 Concurrent administration of antiangiogenic drugs could mitigate this effect. Anti-VEGF agents have been found to sensitize endothelial cells to radiotherapy, targeting tumor vessels. 20 Radiosurgery, compared with conventional radiotherapy, may itself be cytotoxic to vascular cells, because high doses of radiation cause microvascular endothelial apoptosis. 21 Moreover, bevacizumab may reduce the risk of radionecrosis, a significant doselimiting toxicity. 22, 23 Clinical outcomes from radiosurgery plus bevacizumab have been encouraging. A retrospective analysis from the Duke Cancer Institute of patients with recurrent GBM treated with stereotactic radiosurgery included 33 who received bevacizumab during radiosurgery or shortly thereafter, and 16 who did not. Although the groups had similar pretreatment characteristics, median survival of the patients who received bevacizumab was significantly longer (11 vs. 4 months). Multivariate analysis found a significantly reduced risk of death or progression with the addition of bevacizumab to radiosurgery, with a risk ratio of 0.37 (P = .015) and 0.45 (P = .043), respectively. Patients who received bevacizumab also had lower rates of radionecrosis (5% vs. 19%). 24 Based on this experience, Duke conducted a pilot study to prospectively evaluate the safety of stereotactic radiosurgery plus bevacizumab for recurrent high-grade gliomas. 25 Fifteen patients (9 grade IV, 6 grade III) participated. Lesions smaller than 2 cm and 2 to 2.9 cm received a single fraction of 24 and 18 Gy, respectively. Lesions measuring 3 to 5 cm received 25 Gy in 5 fractions. Patients received 10 mg/kg of bevacizumab intravenously on the day of radiosurgery and again 14 days later. No grade 4 or 5 adverse events occurred. One patient experienced a grade 3 headache, requiring hospitalization and steroids. Two experienced grade 2 toxicities consisting of moderate cognitive disturbance and moderate dizziness. The 6-month progression-free survival rate was 27%. At a median follow-up of 15 months, median survival from time of radiosurgery was 13 months (95% CI, 6-16 months).
Memorial Sloan-Kettering Cancer Center also published results from a prospective study of bevacizumab and radiosurgery for recurrent high-grade gliomas, in which 25 patients (20 grade IV, 5 grade III) received bevacizumab 10 mg/kg intravenously every 2 weeks until tumor progression, along with 30 Gy in 5 fractions after the first cycle of bevacizumab. Three discontinued treatment because of grade 3 intratumoral hemorrhage, wound dehiscence, and bowel perforation. Radionecrosis was not observed. For the GBM cohort, the 6-month progression-free survival rate was 65% and median survival 12.5 months. 26 
Conclusions
Management of recurrent GBM may include best supportive care, surgical resection, systemic therapies, and/or radiotherapy. Preclinical and clinical data show the efficacy of antiangiogenic agents and stereotactic radiosurgery, which may be administered individually or concomitantly. At the authors' institution, if tumor size and location are amenable to reirradiation, stereotactic radiosurgery with concurrent and adjuvant bevacizumab are usually recommended. Patients also receive a variety of systemic therapies, preferably in the context of a clinical trial.
Despite recent advances, the prognosis for GBM remains poor. Larger prospective studies are needed to confirm the safety and efficacy of radiosurgery plus bevacizumab for recurrent GBM. Continued exploration of novel therapeutic approaches is essential.
